Objective To report the safety and long-term efficacy of ventro-oral thalamotomy for 171 consecutive patients with task-specific focal hand dystonia. October 2003 and February 2017, 171 consecutive patients with task-specific focal hand dystonia underwent unilateral ventro-oral thalamotomy. Etiologies included writer's cramps (n = 92), musician's dystonias (n = 58), and other occupational task-related dystonias (n = 21). The task-specific focal hand dystonia scale was used to evaluate patients' neurologic conditions (range 1-5, high score indicated a better condition). The scores before surgery; at 1 week, 3 months, and 12 months postoperatively; and the last available follow-up period were determined. Postoperative complications and postoperative recurrence were also evaluated. . Permanent adverse events developed in 6 patients (3.5%). Eighteen patients developed recurrent dystonic symptoms postoperatively. Of these 18 patients, 9 underwent ventro-oral thalamotomy again, of which 7 achieved improvement.
Dystonia is a movement disorder characterized by involuntary, sustained, and patterned muscle contractions, which cause twisting and repetitive movements. 1 Focal dystonia manifests in only one part of the body. Most focal hand dystonias frequently present while performing specific tasks and are thus labeled as task-specific focal hand dystonias (TSFDs). 2 Writer's cramp is the most well-known type of TSFD.
3 TSFD usually appears after years of repetitive and fine movements associated with specific tasks and are seen in musicians, hairdressers, watchmakers, golfers, table tennis players, marksmen, and jugglers. [4] [5] [6] [7] [8] [9] TSFD can severely interfere with patients' daily lives, and occupational TSFD can be a risk factor for unemployment if not successfully treated. 2, 10 At the current time, available treatments for TSFD are largely unsatisfactory. Botulinum toxin (BTX) injections, trihexyphenidyl, and physical therapy have been used to treat TSFD. [11] [12] [13] Of these, BTX injections into affected muscles are the most widely used treatment option. 11 However, in case of musicians with TSFD (musician's dystonia), more than half of these musicians ultimately end their musical careers despite these available treatments. 10 Those for whom BTX treatments fail often seek other treatment options.
Although several studies have demonstrated the high efficacy of lesioning on ventro-oral (vo) nucleus of the thalamus (vothalamotomy) for TSFDs, these are limited to case reports and a few small-scale studies. 7, 9, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] We herein retrospectively report on the safety and long-term efficacy of vo-thalamotomy in 171 consecutive patients with TSFD. This is the largest case series involving follow-up study of patients who undergo vothalamotomy for TSFD.
Methods

Patient population
Between October 2003 and February 2017, 219 consecutive patients with writer's cramp and other occupational dystonias underwent unilateral vo-thalamotomy by a single surgeon (T.T.) at a single center (Tokyo Women's Medical University Hospital). The inclusion criteria included a minimum of 1-year postsymptom onset and a previous diagnosis of TSFD by other neurologists. The exclusion criteria were cognitive dysfunction; distribution of dystonic symptoms over multiple regions; neurologic conditions such as neurodegenerative disorders, stroke, or cerebral palsy. In total, 171 patients were enrolled in this study. Of these, 48 patients were excluded based on the following criteria: multiple dystonia regions (36) and other neurologic conditions (12) .
Standard protocol approvals, registrations, and patient consents
The data for this study were retrospectively collected and analyzed. The ethics committee of our institution approved this study, and considering the observational nature of the study, patient consent was waived.
Surgical procedures
Under local anesthesia, a Leksell stereotactic frame (Elekta, Stockholm, Sweden) was fixed onto the skull of the patient. T1-weighted axial and T2-weighted coronal MRI (1-mm slice) and CT scans (1-mm slice) were used to determine the tentative target 2 mm posterior to the midpoint of the anterior commissure-posterior commissure line, 1 mm dorsal to the anterior commissure-posterior commissure line, and 13.5 to 15 mm lateral of midline. This point corresponds to the junction between the ventro-oral anterior and posterior of the thalamus according to the stereotactic atlas of Schaltenbrand and Wahren. 24 The operation was performed under local anesthesia without sedation. A Leksell neurogenerator (Elekta) was used for stimulation and coagulation. During the surgery, the patient performed affected tasks and was asked to report symptom fluctuations ( figure 1A) . A monopolar radiofrequency probe (1.0-mm diameter tip with a 4.0-mm uninsulated length) was inserted through a frontal burr hole. Electrical stimulation (130-160 Hz, 100 microsecond pulse width, up to 15 mA) was applied to identify the absence of side effects including responses of the internal capsule and ventrocaudal nucleus. After carefully checking for symptomatic fluctuations and side effects, we created a permanent lesion by thermal coagulation (70°C for 30 seconds). The electrode was then withdrawn in 2-and 4-mm increments to increase the lesion size, producing 3 contiguous lesions. Similarly, 3 contiguous lesions were made in the vo anterior (3 mm anterior to the tentative target) and the vo posterior (3 mm posterior to the tentative target). The accuracy of the coagulated lesions on the vo nucleus of the thalamus and the absence or presence of hemorrhagic complications was confirmed by MRI immediately after the surgery (figure 1B).
Evaluation procedures
We used the TSFD scale, which is based on Tubiana's musician's dystonia scale, to evaluate each patient's neurologic condition. 25, 26 Scores were based on inability to perform affected tasks (very severe, score of 1), perform only easy affected tasks (severe, score of 2), perform affected tasks with marked difficulty (moderate, score of 3), nearly normal function (mild, score of 4), and normal functioning (nil, score of 5). We examined TSFD scale scores before surgery; at 1 week, 3 months, and 12 months postoperatively; and at the last available follow-up appointment. We also analyzed postoperative complications and dystonia recurrences.
Glossary BTX = botulinum toxin; DBS = deep brain stimulation; TSFD = task-specific focal hand dystonia; vo = ventro-oral.
Clinical responses were defined as follows: (1) good responders, score >4 on TSFD scales at last available follow-up; (2) partial responders, score <3 on TSFD scales; and (3) no responders, no change on TSFD scales. Postoperative recurrence was defined as deterioration of TSFD scales after transient improvement. Three-month postoperative MRIs were taken to confirm the lesions within the vo nucleus.
Statistical analysis
Statistical analysis was performed using the JMP statistical package, version 13.0.0 (SAS Institute, Cary, NC). We examined TSFD scale scores before surgery; at 1 week, 3 months, and 12 months postoperatively; and at the last available follow-up using a 1-way repeated-measures analysis of variance followed by a post hoc Tukey-Kramer adjustment for multiple comparisons. To look for factors that predicted a good surgical response, we used the Spearman correlation coefficient for quantitative variables (age at onset, age at surgery, disease duration, and preoperative TSFD score) and the χ 2 test for categorical variables (sex and affected side). All statistical tests were 2-tailed, and p < 0.05 was considered to be statistically significant.
Primary research question Does vo-thalamotomy safely improve TSFDs and have longterm efficacy?
Classification of evidence This study is rated Class IV because of the absence of a nonsurgery group and an open-label design.
Data availability
Anonymized grouped data will be shared following request from a qualified investigator.
Results
There were 92 patients with writer's cramp, 58 with musician's dystonia, and 21 with "other" occupational task-related dystonias. The mean clinical follow-up period was 25.4 ± 32.1 months (range: 3-165). The mean last available follow-up period was 47.36 months (range: 13-165). Those who presented with musician's dystonias played guitar (n = 26), piano (n = 9), drums (n = 4), bass (n = 2), violin (n = 4), flute (n = 1), clarinet (n = 1), saxophone (n = 4), koto (Japanese harp; n = 1), shamisen (3-stringed Japanese guitar; n = 2), tsuzumi (traditional Japanese hand drum; n = 1), mandolin (n = 1), accordion (n = 1), and banjo (n = 1). Tasks associated with the other occupational dystonias included cooking (n = 3), cutting hair (n = 5), carpentry (n = 4), sports-related movements (n = 4), computer work (n = 4), and clock repair (n = 1).
The patient characteristics and surgical outcomes are shown in table 1 and figure 2. The mean age at the time of surgery was 37.1 ± 12.3 years (range: 15-63). The mean age at disease onset was 29.1 ± 11.7 years (range: 14-57), and the mean disease symptom duration was 8.0 ± 8.1 years (range: surgery, age at onset, disease duration, preoperative TSFD score, sex, and affected side) were significant predictors of surgical response at the last available final follow-up. Thirty patients reported their unemployment caused by TSFDs preoperatively. Postoperatively, 18 patients resumed their work, 4 remained unemployed, and 9 patients were lost to the study.
Adverse events
Detailed information of adverse events is shown in table 2. Permanent adverse events developed in 6 patients (3.5%). These included mild foot weakness (n = 2) that did not interfere with patients' daily activities. Temporary adverse events developed in 28 patients (16.
Recurrence
Eighteen patients developed recurrent dystonic symptoms after vo-thalamotomy. Of these, 9 patients underwent repeat vo-thalamotomy and 7 patients achieved improvement. Two patients did not exhibit symptomatic improvement. One patient experienced slight improvement after the second thalamotomy and finally achieved dramatic improvement by pallidotomy. Recurrence developed within 1 month in 9 patients and at 3 months in 10 patients.
Discussion
TSFD can develop following prolonged repetition of various kinds of tasks, mainly occupational tasks. The prognosis for patients with occupational TSFD is poor because it can interfere with occupational tasks despite the availability of conservative treatments. Surgical treatment for TSFD is underexamined because of the lack of large cohort and high-quality studies. This noncontrolled and nonblinded study examined 171 patients who underwent unilateral vo-thalamotomy, most of whom exhibited long-term improvement. The response rate (good and partial responder) was high (97.7%), and there were only 6 permanent surgery-related complications (3.5%), which did not interfere with the patients' daily activities. This study supports the safety and long-term efficacy of vo-thalamotomy for TSFD.
BTX injection is a commonly used treatment for patients with TSFD, and its efficacy was demonstrated during several well- designed studies. Anywhere from 49% to 69% of patients with musician's dystonia received significant benefit from BTX. 12, 27, 28 However, several articles emphasized that the effectiveness of BTX is limited for TSFD. 2, 29, 30 Long-term benefits were observed in only 36% of patients. 27 Furthermore, BTX injections have complications, such as muscle weakness, tolerance, and BTX antibodies induced by repetitive injections. Among the patients who stopped BTX therapy, the most common reason was insufficient benefit, 31 meaning the BTX failed to meet patients' expectations or needs. BTX response rates differ between individuals because of injection technique, accurate targeting of the relevant muscles, and avoidance of toxin spread to adjacent unrelated muscles. Focal hand dystonia has a lower overall response rate, with about 50% of patients receiving at least a mild benefit, compared with 80% for cervical dystonia and more than 90% for blepharospasm. 32, 33 In patients with TSFD, muscle weakness to counteract the spasms is necessary only when performing affected tasks. In other words, continuous weakness resulting from BTX can interfere with all motoric tasks, above and beyond just the affected tasks. And BTX can even hamper the speed and coordination of affected tasks. In patients with TSFD, especially those with musician's dystonia, the need to maintain finely skilled motor control is crucial. There exists a delicate balance between improving dystonic symptoms without exacerbating concurrent residual weakness, resulting in loss of motor function. 2 Because of the high level of fine motor skills required for continued professional performance, more than half of patients affected with TSFD end their professional careers. 10 These therapeutic limitations associated with BTX for TSFD are explained by the fact that BTX treatments do not focus on the central neurologic abnormality that causes TSFD. Consequently, pathophysiologybased treatments for TSFD are eagerly anticipated.
The effect of vo-thalamotomy for TSFD was previously reported in several articles. Siegfried et al. 23 firstly reported vo-thalamotomy for TSFD (writer's cramp) in 1969, finding dramatic improvement. Subsequently, several articles have shown the efficacy of vo-thalamotomy for TSFD in musicians, hairdressers, watchmakers, and table tennis players. 7, 9, 15, 19 The vo nucleus of the thalamus is a relay point in the corticobasal ganglia-thalamo-cortical circuit and a major termination site for basal ganglia outputs that control the motor cortex. Circuit abnormalities could induce impaired regulation between desired and unwanted movements, ultimately leading to dystonic movements. 34 Zhuang et al. 35 reported abnormal neuronal activity recorded in the posterior vo during dystonic movements. Lesioning of the posterior vo immediately decreased dystonia symptoms in patients with abnormal posterior vo neuronal activity. 36 The effect of vothalamotomy for TSFD may be based on altering the basal ganglia-thalamo-cortical circuit.
Surgical treatments for dystonia have mostly focused on generalized, segmental, or cervical dystonia, which mainly use deep brain stimulation (DBS) directed toward the internal segment of the globus pallidus bilaterally. 37, 38 However, there has been little attention given to treatment of TSFD, even though a great number of patients with refractory TSFD exist, despite the availability of conservative treatments. Only 4 studies report on DBS, 14, [39] [40] [41] and the remaining studies used thalamotomy and pallidotomy. DBS has effects almost equaling those of thalamotomy, which are achieved by electrical stimulation on the target nucleus, and does not produce irreversible lesions. The advantages of DBS over thalamotomy are the fact that DBS is a reversible procedure and generally considered safe to use for treating bilateral dystonic symptoms. Although only 2 cases with bilateral musician's hand dystonia have been reported without severe complications, 17 bilateral thalamotomy continues to carry risks of possible severe pseudobulbar paralysis including dysphagia, dysarthria, and dysphonia. 42 DBS can provide substantial symptomatic relief without these complications; consequently, DBS is the preferred procedure for bilateral dystonic involvement such as generalized, segmental, and cervical dystonias that generally require bilateral treatment. However, TSFD mostly develops unilaterally (25/171, 14.6% bilateral symptoms in this study), so most patients do not require bilateral procedures. In the present study of 171 cases, there were only 6 permanent adverse events (3.5%), and there was no mortality. The rate of symptomatic hemorrhage in this study was quite low (0%), which is in line with previous reports that revealed a bleeding risk associated with lesioning procedures of 0% to 2.9%. [43] [44] [45] [46] [47] Unilateral thalamotomy is a feasible and safe procedure. Moreover, TSFD mostly develops at mid-30s. Young-onset diseases require Data are n (%).
long-term management (more than several decades). In the case of DBS, battery replacement adjustment of stimulation parameters is necessary for effective treatment. Furthermore, DBS carries a risk of hardware-related complications such as infections, battery malfunctions, lead migration, and fracture. In a recent systematic review of hardware-related DBS complications in 8,983 patients, the overall risk of hardware-related complications was 11.75%, which is not uncommon. 48 Implantation of mechanical devices into the patient's body can also carry psychological and physiologic burden, especially in young patients. Patients with young-onset TSFD have to continue to be exposed to these risks if DBS is used. Thalamotomy can avoid not only hardware-related complications but also other DBS-related disadvantages. Although DBS is cost-prohibitive in many developing countries, thalamotomy is a more cost-effective option given that DBS can improve TSFD symptoms with a single procedure and does not require postoperative management. Therefore, thalamotomy is a viable option for patients who are not willing to accept hardware implantations, who are unable to visit hospitals that specialize in DBS management, or who are unable to afford DBS.
In this study, 18 patients experienced recurrence of symptoms following transient improvement. As we previously reported, recurrence occurs due to insufficient or incorrect coagulation over the entire vo nucleus of the thalamus. 9 Until edema surrounding thermocoagulation, which covers the entire vo nucleus, disappears, symptomatic improvement may persist. Heat-related edema in the brain usually disappears within 5 months 49 ; this study demonstrated that all recurrence developed within 3 months. In recurrent cases, re-thalamotomy should be appropriately considered before implementation. In this study, 9 of 18 patients with recurrent symptoms underwent re-thalamotomy, which ultimately produced a successful outcome in 7 patients.
Vo-thalamotomy using the Gamma Knife, which does not require craniotomy, is a minimally invasive treatment for TSFD (musician's dystonia). 16 MRI-guided focused ultrasound thalamotomy, which can also make intracranial focal lesioning without incision, to the ventral intermediate thalamic nucleus has been reported as an effective procedure for various kinds of tremors. 50 MRI-guided focused ultrasound thalamotomy produces lesions using thermal ablation, and has long-term improvement and safety comparable with radiofrequency thalamotomy. The present study supports the idea that vo-thalamotomy using focused ultrasound is an effective and less invasive treatment for TSFD.
TSFD can develop as a consequence of performing repeated occupational tasks, potentially depriving patients of their livelihoods while diminishing quality of life. We should not ignore the existence of the many patients with TSFD who are refractory to available conservative treatments including BTX, oral medications, and physical therapy. Although further wellpowered studies (prospective, randomized, and double blind) are needed to clarify the safety and efficacy of vo-thalamotomy for TSFD, this study supports our hypothesis that vothalamotomy is a feasible and effective treatment for patients with refractory TSFD.
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